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ABSTRACT

--This investigation considers a non-linear technique for

extracting natural resonances from transient electromagnetic

scattering responses of radar targets. These natural reso-

nances represent the complex poles of the target's transfer

function in the Laplace transform s-plane. The advantage of

their use in identification is their dependence only upon the

geometry ard composition of the target and not upon the aspect

and polarization of the incident signal.

$'., * Based on recent theoretical research, a new signal model

has been developed for describing the form of the transient

ascattering response. This form precludes the optimal use of

previous methods for natural resonance extraction based on

Prony's algorithm. In this effort, a modified least-squares

approach is taken which can accommodate the actual form of
/

4%*- the transient signal. The algorithm is tested using simulated

-. signals with various noise levels and conclusions are drawn
"4"

concerning the viability of the method.
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I. INTRODUCTION

-This investigation considers a non-linear technique for

extracting natural resonances from transient electromagnetic

scattering responses of radar targets. These natural reso-

nances represent the complex poles of the target's transfer

function in the Laplace transform s-plane. The advantage of

their use in identification is their dependence only upon the

geometry and composition of the target and not upon the aspect

and polarization of the incident signal.

Concepts and methodologies evolving from this idea have

been developed based on the Singularity Expansion Method

(SEM) by Baum [Ref. 1] in which the location of s-plane

singularities characterizes a target. The direct extraction

of poles (and residues) from the complex impulse response was

initially attempted by Main and Moffat [Ref. 2]. These two

early references spawned the idea of using natural resonances

as the basis of non-cooperative target recognition (NCTR).

The application of the Householder orthogonalization

method using a successive orthogonalization process and the

eigenvalue method, that finds eigenvectors and eigenvalues,

can determine the number and value of poles from the tradi-

tional transient signal model of a scatterer if there is a

sufficiently low level of noise in the data [Ref. 3]. But

both methods show poor quality of performance if we apply

8
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them to the new signal model, even were there is no noise

assumed in the signal data. This new signal model, which

* represents the electromagnetic scattering transient response

of actual targets, was recently derived by Morgan [Ref. 4].

As considered in [Ref. 2], the relationship between a

scattering target and the singularities being extracted from

the natural complex resonance signal has been emphasized in

the context of the number of poles and the accuracy of poles

to ensure the unique relationship between an object and its

image. Namely, the accuracy of pole extraction plays an

important part in setting baselines to check consistency

between a received signal and a set of singularities. Also,

[Ref. 2] describes the modeling problem of a signal such that

we express a transient response signal in terms of complex

exponentials and the way it can be manipulated by Prony's

algorithm. This signal model (termed here as the traditional

model), was found not to represent the actual transient signal

in the recent work by Davenport [Ref. 5]. In 1982, Manilha,

in his work, commented that the new signal model might be

partitioned into "early time signal" and "late time signal",

each of which characterize the signal by the time instant at

which the traditional model can be acceptable or not [Ref. 3].

This effort considers the development of a method that is

capable of handling the "early time" whose time varying

residues of exponentials do not become constant until the

excitation of the incident field disappears. Such a signal

9.
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can not be adequately or accurately modeled by the tradi-

tional model.

It is the intention of this work to investigate a method

that can handle the "early time signal" and show "Robustness'

under relatively heavy noise pollution as well as improving

the accuracy of the poles we are int e..ted in evaluating.

A non-linear parameter optimization oroach, through the

modified least-squares minimization e od, has been tried.

* In particular, we have been interested in evaluating its

performance in improving the accuracy of the poles extracted.

The non-linear parameter optimization approach using itera-

tions has contribued to improvement of accuracy and showed

the possibility of application to the "early time signal" as

was the final goal. We define the "new signal model" as a

causal connection of the "early time signal" and "late time

signal" throughout this paper. The new signal model will be

presented in Chapter II, with both the description of the

transient response mechanism and the way in which the signal

model is constructed through the transient response mechanism.

Chapter III briefly describes the problems associated with the

traditional model, and with many of the current extraction

methods in existence. Chapter IV is devoted to the descrip-

tion of the non-linear parameter optimization through a

modified least-squares method and the way in which the algo-

rithm is implemented. Chapter V presents test results of an
6:

attempt to use this approach for pole extraction and its

performance characteristics. Chapter VI contains a summary

10



of the simulation results, the problems encountered, the

potential problems expected, and the possibility of

application of this method.

Computations were performed using the IBM 3033 system at

the Naval Postgraduate School. The testing of concept feasi-

bility was the major impetus behind this effort, with concerns

for practical implementation in a "real-time" environment left

for subsequent study. Considerations to the processing speed

S."will not be addressed in this thesis. All the calculations

were done in a double precision environment.
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'i II. SCATTERING TRANSIENT RESPONSE SYSTEM

A. TRANSIENT RESPONSE MECHANISM

An electromagnetic wave incient upon a scattering body

,.-.'i.forces currents to be distributed such that Maxwell's equa-

:;.:.tions and the corresponding boundary conditions are satisfied.
~These induced currents produce a scattered field that can be

defined at any coordinate in free space if the expressions for

. :. those currents are made correctly. Changes in the angle of

incidence, the incident wave shape, the polarization mode,

and the target geometry and composition affect the results of

the evaluation of the scattered transient response.

Basically, tesingularities uniquely caatrz

scatterer by their number and locations. The corresponding

residues, which are interpreted as the weights of these poles,

either can be viewed in the frequency domain or in the time

domain.

As shown in [Ref. 3], equation (21) represents the form

of the scattered signal impulse response of the target, in

digital form

H(k) = H@ (kT) + .H k exp(kSmT )  (2.1)
m=l

where H(t) rmg for t > T , T is the sampling interval and

the infinite sum represents the natural resonance response

with complex Sm = am + j m in the left-half plane. The poles

constitute the parameters for NCTR of an object. The process

V. ~
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of extracting those parameters from the impulse response

first collects the data points within a finite time period

(time window).

The data collected is represented using equation (2.1)

and equation (2.3) which partitions the signal into "early

time" and "late time" components.

M-1
X(k) = H(k)* I I(k) (2.2)

k=O k=O

T0-1 M-1 M-1
X(k)= H(k) * I ,(k) + H H(k) * I 1(k) (2.3)

k=O k=O k=TO k=0

--' early time data late time data

...

J. J.where 1(k) is the incident wave at t kT

T is sampling interval in time.

-" We can write the equation (2.3) in the form of equation (2.4)

or (2.5). Both of these expressions display the essence of

the new signal model which will be discussed in the next

section.

N
X(k) = An (k)exp(S k) (2.4)

n1 n['[' '-n=l

where A(k) = A for k > To
n n_

N
X(k) - E(k) + I An exp(Snk) (2.5)

n=1 n n

where E(k) = 0 for k > To

and An is constant for all k

13
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To is the point at which the late time signal starts, so we

consider that a time window might contain the data points

ranging from the one before To to that after To. If we

perform processing on a data window containing the data

points which were from that early time region, we may lose

some of the poles of natural resonance what are likely to be

seen in the late time region. The data points after K0

presumably has all the information regarding poles, even

though there are some extra poles that may be discriminated

from the natural poles. These extra poles are introduced

by the result of noise with relatively low SNR. Also, there

is another risk to lose the natural poles having very high

damping coefficients. There is no effective method yet found

to compromise on having the point in which we can see all the

poles with less extra poles under the higher SNR condition.

*: Meanwhile, the discrimination of E(k) appears to us as

the quantity to be handled to give improvement in accuracy

of the natural poles. The next section describes the new

signal model based on these aspects and the transient response

mechanism.

B. IMPULSE RESPONSE SIGNAL MODEL

The late time impulse response can be expressed as a

summation of exponentially damped sinusoids as in equation

(2.6).

N
Xa(k) A exp(Snk), k=%,T,2T,..., (M-l)T (2.6)
an nn=l

14



where T At, and M is the number of sampling points.

The signal model expressed in equation (2.6) is valid after

the incident wave has completely illuminated a target and

no forced response remains.

As the mechanism of a transient response system is strictly

governed by the physics and orientation of the target and the

attributes of the incident wave, we can write the equation

(2.7) as an implicit form of equation (2.2), assuming we

strike the target with a plane wave impulse.

M" TO-i
Xb(k) = I H(k) . I (u(k) - u(k-T0)] (2.7)k =, k=,0

Combining both equations (2.6) and (2.7), equation (2.9) would

be sufficient if we assume N poles are present.

X(k) = Xa (k) + X0(k)

T-
X(k) = I H(k) _ [u(k) - u(k-TO)]k =jO k =J9

+ An exp(Sn k), k=O,T,2T, ... , (M-1)T (2.9)

We call the impulse response signal model, in the form of

equation (2.9), an implicit form of the new signal model.

A simpler form of equation (2.9) can be either of equations

(2.10) or (2.11).

N
X(k) = E(k) + [ An exp(S k) (2.10)

n=1

N
X(k) = ; A (k)exp(Snk) (2.11)n n

15
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where An (k) - An, for k > To
nn

In equation (2.1), the residues are time-varying until

the time at which the augmented function E(k) in equation

(2.10) becomes zero. Thereafter the An (k) = An (constant).

To begin with equation (2.10), it is necessary to define

a new independent variable as a parameter whose time behavior

is not predictable along the positive time axis. It is con-

venient to define this as a set of variables. By regarding

them as independent, the equation (2.11) would be in the form

of the equation (2.12) in the discrete digital data processing
4.

sense.

N
X(k) = E(k) + . An exp(S k) (2.12)n n-

n=ln

T0-1 N
X(k) = I e (k) + I An exp (Snk) (2.13)

n=l n=l

assuming en (k) = En6 (k-n)

The equation (2.14) is expressed in terms of a positive

.Icounting sequence in k. As in the equation, we might evaluate

the equation (2.13) if we know the exact number of poles. But

we know that it is impossible because we are in the region of

the early time. So we write the equation (2.14) as a time

shifted version such as the equation that has meaning from

the observability viewpoint.

TO-i N
X(k) en(k) + A exp(S k) (2.14)

n=l n=ln n

16
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where k=T%+m, TP+m-l, , T0+l,T0,T0-l, , T0,0

for m > 0

Here, the examples of the new signal model are presented

in Appendix C, in the form of a decomposed signal. This syn-

thetically generated signal is written in terms of en(k) 's

and the sum of exponentials. In Chapter V, we present the

decomposed signal from the synthetically generated data signal

and that obtained by constructing the E(k) as the results

of the non-linear parameter optimization processing.

C. NOISE

White Gaussian noise is assumed throughout this work. By

introducing the noise into the new impulse signal model, we

call the following equation the modeling function of a tran-

sient response system and the complete and general form of

the new signal model.
-NX(k) (N(k) + e n(k) + An exp(Snk) (2.15)

n=l n=l

17
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III. PROBLEMS WITH THE TRADITIONAL METHODS

In this chapter, a brief description of problems with

the classic Prony's method, the Householder orthogonalization

technique and the Eigenvalue method are provided. Each of

these methods computes the location of poles in the s-plane

but only the last two methods can estimate the number of poles

prior to the discrimination of the poles.

A. PRONY's ALGORITHM

.Equation (2.3) is interpreted as the following difference

- equation assigning the values of the real part of the signal at

specified sampling points in its left side of the expression.

X(O) =nX An

N
X((Mk) -I ; AnZn (3M-1)

n=l

n~l n n

And a polynomial equation (3.2) that has the same roots Z

N

anZn = (3.2)
n=l

18
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can be combined with equation (3.1) to yield the Prony's

difference equation in the form of equation (3.3)

N
S' .%!i ; anX(n+k) = 0, for k-0,T,2T, ... , (M-1) T (3.3)

- n 1i

'_ Then, we write equation (3.4) from equation (3.3) as

N N-I
- anX(n+k) X a nX(n+k) + aNx(n+k) = 0 (3.4)

n-i n-i

Using matrix notation, the equation (3.3) may be written as

equation (3.5) or (3.6).

N-i

n1 anX(n+k) = -aNX(n+k) (3.5)

Let a.N - 1, then equation (3.5) becomes as

XNl AN-1 XN (3.6)

where X- is N by N circulant matrix of sampled data

A N-1 is N by 1 Prony's coefficients matrix

xN is N by 1 row matrix of sampled data set

[XNN+l,  . .,x2NI]

The Prony's coefficient a 's are to be calculated byn
making use of the characteristics of the circulant matrix X.

A- ( %- 3.7)
N1 = (A- XNl1) AN1 XN(37

_ As described in the above, this method can be applied after

the number of poles are known to us, then the value of the

S s'S are to be found from the equation (3.8).n
19

-,,-,,.,....,,..... -.......-.- . ... ...



W T.* ..
* 

.~ .... ....I. ....77 71 .crj jI-. 7 A~ 2*. IF 
*-j6 Z- -7 - 77

S= LN(Zn)/k, for k > 2N(38

B. HOUSEHOLDER ORTHOGONALIZATION METHOD

A general expression of equation (3.2) may be represented

by equation (3.9) assuming the number of poles are not known.

1 N1
* -a +a z +.. + a Z (3.9)
40 1 N

where N1 is the unknown variable

Then, the equation (3.9) is to be satisfied under the condi-

tion that there are enough sampled data points m > 2N.

a 0x 0+ aix + + +aNxN1 =0(.0

-- where the N by 1 sampled data matrix is defined as

x. = X(i) , X(i+2) ,.., X(M-N-i+l)]

Application of the successive orthogonalization through the

Gram-Schmit process would produce the orthogonal vector set.

0 = (001 Olt . . 6 N

n-1
where on Xn - o> 0. (3.11)

If we set the o 0 to be 1, then the N by 1 xn matrix is going

to be in the form of equation (3.11).

n-i
Xn =n +i=0 <xn i>01(3.12)

So that the equation (3.12) holds as X=OM. In the above,

Ise M is the 2-D matrix of multiplication factors whose diagonal

20



elements are all l's. Here, an orthogonal vector oI makes

the corresponding data set xi  to be orthogonal to all the

previous vectors x0 - xi 1 . If we have had all the x vectors

during i-i times of successive orthogonalization process

such that there is a non-zero orthogonal vector. We have to

receive continuously the next data set xi+1 and check whether

the orthogonal vector in the next step is zero or under a given

threshold. If it vanishes, we can say that we have (i-1)

poles. Our test against noise polluted data signal using the

Householder method showed the inability of handling the early

time signal as well as the data being heavily polluted.

C. EIGENVALUE METHOD

Again, from the equation (3.10), we can rewrite this

equation as in the form of equation (3.14).

,ZN, - (3.14)

where X, = [x0I x 1 . . . 1xN,]

The eigenvector can be derived from the equation (3.15) by

doing some mathematical manipulations of equation (3.14).

XTN,XN,A N , = XTNNE,-,XIA N N , "N , E N , 1

From this equation, we find the eigenvalues correspond to

eigenvectors to see if there is any eigenvalue approaching

zero. If there is one zero or under threshold, we also

consider the number of poles as N'-l. Even both the

21
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.. Householder orthogonalization method and the Eigenvalue

method can provide the means of calculating the number of

poles, their algorithm (tending to fit the data points to

the traditional signal model) showed the lack of generality.

','.

.W.q-..
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IV. NON-LINEAR PARAMETER OPTIMIZATION APPROACH
14

A. INTRODUCTION

In 1963, Marquardt suggested an algorithm for the least-

squares estimation of non-linear parameters [Ref. 6] when

highly accurate parameter values are required. As we can

see in the signal model in equation (2.14), that new signal

model has multiple parameters that are functions of time.

Here, we rewrite that equation again in the form of equation

(4.1).

a-Tf-l NT -I
X(k) = N(k) + en(k) + An exp(Snk) (4.1)

n=k n=l

where en (k) = 0, for k >TO

We are not interested in the value of .e (k) itself, but
n

include their estimations in order to contribute to the

accuracy of Sn 's and An 's.

In other words, the extrapolation of the sum of exponen-

tials, which is assumed to have all the poles, to points in

the early time region may provide more accurate poles and

residues simultaneously.

The major advantage is the fact that we can make use of

the high SNR data signal in the early time region with the

basic information of poles that were derived in the late time

region.
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We will be processing on a data window whose vector

length is to be increased one by one by moving the first

element of that vector toward the time-origin point. The

optimization process evaluates the normal equation to find

the local optimized set and finds the global optimized set

as its final goal.

Let us define an ERROR function as in equation (4.3)

N-1
ERROR{AnSn•E(k)} = [ [X'(k) - X(k)]2  (4.3)

n=l

where X' (k) is a measured data point

To have minimized the least-squares error at every instant

of measured time, the ERROR function has to be minimized by

obtaining the global set of parameters being optimized. We

also can write equation (4.3) in a more concrete manner as in

equation (4.4).
":'-1 -1ERROR {X} = MlI X(k)] 2  21

S['(k - = e(k) 2  44

k=O k=0 n

where X = [E(k),A Sn ]n n

Non-linear parameters such as e (k) must be obtimized in

a way such that the more accurate values of Sn have to be

calculated as we increase the number of non-linear parameters

e . Users may define the numbers of parameter en's that

V, are at least equal to or greater than the number of data

points in the early time region. Now it is our task to find

out the optimized value of AnSn, and en through optimiza-

tion processing, either in the global sense as it is represented

in the equation (4.5) or using the normal equation (4.6).
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a ERROR(X) /aX = 0 (4.5)

ae r(k)/X (k) = 0 (4.6)

where k=0,T,2T... , (M-1) K

n=l,2 .. . , N

With using the normal equation, as it is shown in the (4.6),

a global set of non-linear set of parameters can be obtained

through an iterative evaluation and fitting process. In our

simulation work, the modified least-squares method was the

basis of the equation (4.6).

B. THE MODIFIED LEAST-SQUARES METHOD

The error function is rewritten as in the expression of

the equation (4.7).

ERROR{k,x} = X' (k) - X(k, x k) (4.7)
n

where X'(k) is the k-th sampled data

X(k, x) is the model function

k
xn is a vector containing the k-th sampled

Let us define x0  to be an initial estimated value of x, thenn
a sequence of approximations to the optimized value is to be

generated by the equation (4.8).

xm+l x m  D + T 1-1 1 T ERROR(xm ) (4.8)
Lam m +m m m

where Jm is the numerical Jacobian matrix evaluated

m is iteration number of successive optimization

D is a diagonal matrix equal to the diagonal of
m
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TSJ
*~ m

am is a Marquardt parameter
-Vm

The number of total iterations can be controlled by the

threshold which is defined as in the equation (4.9).

dXm' x (4.9)
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V. TEST RESULTS AND PERFORMANCE EVALUATION

A. INTRODUCTION

In order to establish the ability of the program listed

S-in Appendix B to extract the poles and residues correctly,

three different simulated signals, each of which is polluted
-.

* -. with infinite, 30 dB and 15 dB SNR, were created by the syn-

thetic signal data generation routine. These 3 sets of signal

data were chosen to span a range of possible situations.

In the context of the transient signals and additive sta-

tionary Gaussian noise being used, the definition of SNR is

in terms of a ratio of energy quantities intergrated over the

entire 20 nsec time window.

" TABLE I

SIMULATED SIGNAL 1

V. POLES
..-. RESIDUES (Nep. GHZ)

1.0 + il.0 -1.0 + il.0

Simulated signal 2 consists of 2 sets of pairs of complex

conjugate poles and residues, which is an extrapolation of the

simulated signal 1, using its parameters. Simulated signal 3

has 3 sets of pole-residue pairs, extrapolating from signal 2.

There are 5 options in the signal generation program in

choosing a particular function of E(k). In this simulation

work, a trapezoidal wave form of E(k) was used with TO=0 .42

nsec. So that the unknown parameters that are to be augmented
27



. - at every processing step will be a maximum of 10 plus 4 times

the number of poles at the final processing stage, when we

have 512 data points within a 20 nsec time window.

r ,'-TABLE II

SIMULATED SIGNAL 2

~POLES

RESIDUES (Nep. GHZ)

1.0 + il.0 -1.0 + il.0

, .1.0 - il.0 -1.0 - il.0

0.5 + i0.5 -2.0 + i2.0

0.5 + i0.5 -2.$ - j2.%

TABLE III

SIMULATED SIGNAL 3

-' '-',POLES

RESIDUES (Nep. GHZ)

; 1.0 + il.-1.0 + il.0

1.0 - il.0 -1.0 - il.0

.0 @.5 + iO.5 -2.0 + i2.0

.@.5 - i@r. 5 -2.0 - i2.0

0.25 + i0.25 -3.0 + i3.0

0.25 - i.25 -3.0 - i3.0

The results of varying the number of additional data

points from zero (all the data points are from late time

region) to ten extra data points (10 extra points are from

early time region are added to the points of late time

region) are contained in Table IV through XII. These nine
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cases correspond to the 3 synthetic signals, each having

3 additive noise levels. The 3 synthetic signals are plotted

in Appendix C. In the next section, the accuracy of pole

extractions, as indicated in the tables are displayed by way

of graphical pole maps. In addition, reconstructed waveform

obtained from the parameter extractions are compared graphi-

cally to the original waveforms.
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TABLE IV

., .PARAMIETER OPTIMIZATION FOR SIGNAL 1 (NOISE FREE)

B. RESULTS

TARGE7 TYPE:TC-T-1
UAV=FCRM 7YPE *CNFTR
CUNTACT LA7E:*CEC 15
FILE N'UME :FILE002
NUMB.* EF POLE: 2

TAELE CF RESIGUES AND POLES
*=a= === ===atz as

PAIR 0 RES-REAL RES-IMAG POLE-REAL FOLE-IMAG
1 1.0CCCOOca 1.00000000 -1 000OCoO 1000003000

.l2 1.CCCCJ0CO -1.CCoCCOOO -1.Cooccooc -1.00000300

RESLLTS CF 0F11PIZAT1CK- ~imTI 0 EXTRA DATA PCINTS

PAIR 9 RES,-REAL RES,-IMAG POLE-REAL FOLE-IMAG
I CoS5iS6610 1.00001592 -0.99994705 C*99998971
2 0.95556563 -1.00001375 -0.99954771 -0.99598971

RESULTS CF GF'IIMIZATICN WITH 2 EXTRA DATA PCINTS

PAiR 0 RES,-REAL RESe-IMAG FCLE-REAL FOLE-IMAG
1 100CC00251 0.5599S667 -1,.000CC025 1*OCOOOO85
2 l.CCCOO251 -0.99599667 -lo00000026 -1-OC000085

RESULTS CF OF1IIMIZATICN WIXTH 4 EXTRA DATA PUINTS
PAIR 0 RS-REAL REE.-IMG POLEA FOLE-IMAG

1 loOCCO13C8 1*CC300329 -1*000C1536 0.5999999
2 1*GCCC13II -1.00000.330 -1.00001545 -1.00000032

RESULTS CF GFIIPIZATICN WIThi 6 EXTRA DATA PCINTS,

PAIR 0 RES2;R AL RESo-IMAG -POLE-REAL FOLE-IMAG
1 .9.51513 1.00303040 -0599975425 0.99998208
2 0.9SS85210 -l.CC03047 -0.59915441 -0.99598213

RESULTS CF OF71IIZATICIY UITH 8 EXTRA DATA PCINTS
PAI -- R RES.REL RES.-IMAG PGLE-RAL FrL-IA
1 I*CCCCO036 1.C001011 -1.00000412 0.59999818
2 lo2CCO0026 -1.00001041 -1.COOCC54C -0.595998138

RESULTS CF OPIIMIZATICN WITH 10 EXTRA DATA PCINTS

PAIR M RESo-REAL RES*-It4AG PGLE-REAL FOLE-IMAG
1 1oQCCC0457 CoSS9S9062 -0.S99SS674 16C0030165
2 loCCCO0453 -0999999067 -0.99995735 -1.00000168
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TABLE V

PARAMETER OPTIMIZATION FOR SIGNAL 1
(SNR-3O dB)

TARGET TYPE:7GT-1
wAVEFORM TY PE * EN30T R
CONTACT CATE:CEC 15
FILE NUME:FILEO03
NUMB. CF POLE: 2

TAKLE CF RESIDUES AND POLES

PAIR # RES-REA E-IIA POLE-RA FOLE-INA
1 1.occcooC3 10000)0030 -13occojo3 1.33333
2 looCCCO0Co -1.CCOCCooQ -i.oOcccooc -190*ocoa00

RESULTS CF CFIIMIZATICN WITH 0 EXTRA DATA PCINTS

'PAIR7 -;E RS EAL E.IA PO-RA FOLE-IMAG
I lo01CC6372 Oo92346346 -0.77676493 loO87JO76
2 1.03315188 -1.10738236 -1.30247b23 C*99197'436

RESULTS CF OP71MIZATICN hITH 2 EXTRA DATA PCINTS

PAIRN RES.-FEAL RES*-IMAG POLE-REAL FOLE-IMAG
1 1*0101C336 1.CC340284 -leCO951161 CoS9S79304
2 1,0101C3393 -1.00360275 -1900951163 Co.9S79336

RESULTS CF OPI1IMIZATICN WITHi 4 EXTRA DATA PCINTS

*PAIR 0 RES@-SEA L RES*-IIWAG POLE-REAL FOLE-IMAG
1 1.01066217 l.003b7tr-5 -1.c09538--49 0.59977751

2 1.0106t632 -1.0C367409 -l.00953782 -0.99977735
RESULTS CF OPTIIPIZATICN WIT19 6 EXTRA DATA PCINTS

PAIR 0RES.-FEAL RES*-IMAG POLE-REAL FOL;S-IMAG
1 1.010S740 1.00357123 -le0093C702 09S8~

2 l.01055679 -1.00357126 -19C0930751 0.99S78574

RESLLTS CF OF71PIZATICh hilli 8 EXTRA DATA PCINTS

PAIR 0 RES.-PAL SES*-IXAG POLE-REAL FOLE-IMAG
1 e 1.1c.4G l.00362571 -loOO950587 1 099978686

2 1.0106eC33 -1.00362636 -16C09!C5be -G.99918699

RESULTS CF OP1IIMIZATICN lITH 10 EXTRA DATA PCINTS

;AIR 0 RJES.-FEAL FES*-IMAG PCLE-REAL FOLE-1~4AG
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TABLE VI

PARAMETER OPTIMIZATION FOR SIGNAL 1
(SNR=15 dB)

TARGET TYPE:*TGT-1
WAVEFORM TYPE3*D0115TR
CONTACT CAT E:CEC 20
FILE NUME:FILEOO4
NUMB* O POLE.' 2

TAELE CF RESIDUES AND POLES

PAIR RES-REAL PES-IMAG PGLE-REAL FOLE-IMAG
i~Coco ioccooooao -1.0ooa0a00 100000000o

2 1.occoooca -leCQ0oooco0 -3..OOCCOOC -1.OCO000000
RESULTS CF OP1IMIZATICN WITH 0 EXTRA )A'IA PCINTS
PAIR * RESo-REAL RES*-IMAG PCLE-REAL FCLE-IMAG

I a.56C47Se2 1.A5922892 -09578SC084 OoS888b304
2 1.55727710 -0.80336947 -1 5701332S -0.,S1419374

RESULTS CF OF71MIZATICN WITH 2 EXTRA OATA PCINTS

PAIR RES,@-REAL RES*-IP'AG POLE-REAL FOLE-INAG
1 1*06C57099 1.02070489 -1&053C(634S 0.59869879
2 le 0fC57S23 le C2071795 -1.05306216 -0.99869878

RESULTS CF OFTIIPIZATICN WITI- 4 EXTRA DATA PCINTS
-~~~~- -- so - - - ---

PA!R # RES.-REAL RES.-IM AG POL-; A POLE-IMAG
I lo.03386 1.02072970 -1.05304404 0.99868990
2 1906C!2818 -l.02073354 -1.05304051, -0.99869088

RESL.LTS CF OF71IZATICK WiTeh 6 EXTRA DATA PCINTS
PAIR # RESo-REAL RES*-IMAG POLE-REAL FOLE-14AG

9'2 1.06054674 -1*02072794 -1.05313212 -C*9586441S

RESULTS CF OFIMIZATICN WITH 8 EXTRA DATA POINTS
vx- ~PAIR7 U RES.-REAL -RES.o-IMAG -POCLE-REAL POFLE-IMAG

I. 1.24.920 LC5885916 -0.66485231 1.01775339
2 1*07C48258 -1.10030318 -1.o39C0420 -0.5.3G04124

RESULTS CF CPTIIMIZATICN WITH 10 EXTRA DATA PCINTS

PAIR # RESo-REAL RESo-INAG :POA.E-REAL FOLE-IMAG
1 1.03166928 1.11984550 -15667581% 0.92761091
2 1* 0.32.1816 -1.0704837? -0.62Z894031 -1402160947

Is.
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TABLE VII

PARAMETER OPTIMIZATION FOR SIGNAL 2

TARGET TYPE:7GT -2 (OS RE
WAVEFORM 7YPE.'HCNFTR
CONTACT CATE:CEC 15
FILE NUMk:FILE0O2
NJM8 e CF POLE: 4

TABLE CF RESICUES AND POLES

PAIR # RES-REAL RES-IMAG POLE-REAL FOLE-INAG
CCCOCCO 1.COOOOOOO -1.03000000 1.000300000

4 1.cCcc'000 -1.Cc000000 -1900ocC000 -1000000000
.3 0.5CCoCOCa 0.50000000 -2,00000000 2.30000300

-, C.5CC00QC0 -Co5COCCOOO -2.OOOCCQOC -2.00000000

R=ESk;LS CF CP~IPIZATICN iTH 0 EXTRA DATA PCINTS
*PAIR # RES*-REAL RES.-IMAG POLE-REAL FOLE-Ii4AG

I 1.CCCCCS54 0.55998637 -1.00000054 1*00JOO162
2 la^6^COO019 -0.29998792 -0.59955822 -1.00003180

G.4535 0.-0005618 -2.00005518 1*99995365
4 0. 45555131 -C.50004431 -2.00024952 -1.99994115

RESULTS CF 0FIIZATICN hITIh 2 EXTRA DATA PCINTS

;A!; RESe-REAL RES.-.IMAG PCLE-REAL FOLE-IMAG
1 COSSSG6513 0.SS545512 -0.99752594 0.99998185
2 0.9SS064C5 -0.59549467 -0.997S2606 -0.99998794
3 0.47735342 0.48850313 -1.95118748 1.99896225
4 0.41735838 -C.4885C442 -1.553C6775i -1.59850918

RESULTS CF OF7IP'IZATICN hITii 4 EXTRA DATA POINTSj

PAIR 0 RESe-REAL RESo-IMAG PCLE-REAL FOLE-IMAG
I Ce9S SC 62 56 0.5S9545224 -0.99793418 0.99998541
2 0.95506321 -Co.99545228 -0.997SI438 -0.99998413
3 0:4713A7187 0.48848088 -1.95232122 1.99855642
4 0.4 1369 75 -0.48841.526 - 1. S51 9C02 6 -1.99893520

RESULTS CF OPUJMIZATICN iTh 6 EXTRA DATA PCINTS

PAIR * RES,-REAL RES.-MAG POLE-REAL FOLE-IMAG
1 C:SSSC6743 0.55545467 -3.997193003 0.99998501
2 0.55506717 -0.59545457 -0.99752354 -Co99S9a468
3 C.47139612 0.48847662 -1.9517S495 1.99874576

.. 4 0. 4 7 - 2443 -Ce.46847686 -1.5248987 -1.99875751

RESULTS CF CFIIPIZATICN hITH 8 EXTRA DATA PCINTS
PAIR U RES*-REAL RES*-IIAG POLE-REAL FOLE-IMAG

1 1901514809 C.58882407 -1.12954971 1.01650809
2 1:0C9490il -0*58875294 -0.8847C066 -0.99067696
3 C07175371 0.36507609 -2.03189450 2.04744671
4 0 14 193323 -0.564814561 -1.55852411 -1.92582259

RESULTS CF GP1II'IZATICN bmITHi 10 EXTRA DATA PCINTS
PAIR 0 RESo-REAL RES.-IMAG POLE-REAL FOLE-IMAG

1 I 10 2 i063 S6 0.58982102 -1.16328021 1.01520699
2 1:02C53154 -Co99088746 -0.8681587 C -0 990775513 0 34e56670 0*59967646 -1.9554426 9 1:9529177
4 0o.415r528 -e.317244541 -2.007e4742 -2*04312Z05
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TABLE VIII

PARAMETER OPTIMIZATION FOR SIGNAL 2
(SNR=30 dB)

TARGET TYPE :7GT-2
WAVEFORM TY P E *ON30T R
CONTACT DATESCEC 15
FILE NUMB 2FILE003
NUMB. CF POLE: 4

TABLE CF RESIDUES AND POLES

PAIR I RES-REAL RES-IMAG FOLE-REAL FCLE-IMAG
1 1:QccoocOO 1.0000000 -1.0OCCCOOO 10000000

2 loccccoco-1.CCJ00OOO -100000000o -1 a30 0 00O0 C
3 C,5CC3C000 0.5-C0CC000 -2oOOOCCOOC 2800cca3CO

%4 C.5CCOCOCJ -5.50000000 -2.00000000 -2.0CQ3.000

RESULTS CF OFTI14IZATICN WITI- 0 EXTRA DATA PCINTS

PAR v RESo-REAL R E So-1 FAG FCLE-REAL FOLE-IMiAG
1 CoCYS412943 C*99056805 -0,929lE75r C.9S';026Q4

*2 C9S!482EQ -CoSS069937 -1.06493363 - 1 o3J g56 06
3 GeowlCCOcolo Co56023544 -1.568516959 1.50034350
4 0.87406384 -0.32304349 -2.04566871 -2@05396332

RESULTS EF OF71MIZATICN WITHi 2 EXTRA DATA PUINTS

PAIR * RES.*-REAL RES.-IMAG POLE-REAL FOLE-IM4AG
1 0.95506513 0oS5549512 -0.99752594 0.95s9a88
2 Go.95C64C5 -0.5954S467 -0.99792606 -Oe99998794
3 0.47735342 Go4e8r-0313 -1.511748 109989b225
4 0o 4773 5838 -0.48850442 -l.55306779 -i a 98509 18

RESULTS CF OF7.LMIZATICN WITH 4 EXTRA DATA PCINTS

PAIR iRES.-RAL -RES.-IPAG POGLE-REAL P-OLE-IMAG
S 0.9550 6 256 0.59545224 -0O7348 09S998541

2 Co55506321 -0.59545228 -0.99791438 -0.999-18413
3 0.41737187 0*48848088 -1.95222122 l.55855*42
4 0.47136977 -0.48847526 -1.95190026 -1.o959893:52 0

RESULTS CF OPIIMIZATICN WITH 6 EXTRA DATA PCINTS

PAIR * RES*-REAL R ES, -I MAG FOLE-REAL FCLE-IMALb
1 0.95506743 C.59549467 -0.597953002 0.99S9i50I
2 O.S5S06717 -CoSS54S457 -0.99792354 - 0*9 999 64 68
3 Go.4-t1'23St12 0 46f347662 -1.55175495 i.596745 76

4 0.47735443 -0.48841686 -1.95248987 - 1998757 51
RESULTS CF OFIIMIZAT ICN WITH 8 EXTRA DATA PCINTS
PAIR I RESe-REAL RES*-IMAG FOLE-REAL FOLE-IMAG

1 1.01514809 CoS88B2407 -1.12954971 1.0165080S
*2 1OC549031 -0.5d85294 -0.88470066 -Oo99067696

3 0 .76175371 0.36507609 -2o0318S45C 2 e04 71+4b71
4 0.14-19333 -G 56s314961 -1.95852411 -. 9258a225S

RESULTS CF OP1TIMIZATICN hivTh 10 EXTRA DATA PCINTS

;AIR i RES. -I AG POLE-REAL FOLE-IMAG
1 100 63S6 0.58982102 -1.1632e021 1.015206992 le 0 2C! 315* -C,5S0d8746 -0*86815870 -G &9'ai775 52

3 0*34t56670 Go.!99c)7646 -1.555442.6S le952;7875
4 0.615e55028 -0*27246541 -2.00784142 -2,042.205s
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K TABLE IX

PARAMETER OPTIMIZATION FOR SIGNAL 2
(SNR=15 dB)

TARGET TYP E :7GT-2
WAVEFGRM TYPE:I-ON15TR
CONTACT CATE:CEC 15
FILE IME:FILEO04
NUMB. CF POLE: 4

TAbLE CF RESIDUES AND POLES

PAIR 0 R ES-REAL RES-IMAG POLE-REAL FOLE-IMAG
1 .oaCCCOOOO 1cCOOOOOOO -1000000000 1.0000000 00
2 1.cccJ0OOO -2l.CG0COOOO -1000CCOODC -1.00000300

*3 We 5C C3CO3 0.50000000 -2sOOOCCOOC 2.00000000
4 Co5CCCCOCO -0.50000000 -2.00000000 -2.00000000

RESULTS CF 0P1IINIZATICh ~ilTh 0 EXTRA DATA PClNTS

PA IR 4~ RES.-REAL RES*-II4AG POLE-REAL FOLE-IMAG
I Co96C912C5 0.96731225 -0.97658042 0*9982294ib
2 Ce ;6 C 92 603 -0e.S6731915 -0*97544458 -0.99811586
3 0.52207777 0.22152280 -1.54312287 Ze.0614539
4 CoCCCQC013 -0.42428522 -1.38794994 -1.83372419

RESULTS CF OF7IMIZATICN WiTi, 2 EXTRA DATA PCUNTS

*PAIR RES@-REAL RES*-IMAG POLE-REAL FOLE-IMAG
1 069651i311 0*96627888 -0e99390331 1.00027364
2 0.9d!26467 -C.96632064 -0.95966500 -0.99679353

*3 cooccoooIO 0.49325107 -19469Cc-167 1.85021464I
4 0.*'4458 -C*l3646901 -1.66572130 -2.12d.54838

RESULTS CF OFTIMIZATICN WITI, 4 EXTRA DATA PCINTS
PAIR # RES@-REAL RESo-IMAG, POLE-REAL FOLE-II4AG

1 C.96128516 0.96679315 -0.98935169 0.99965070
K:2 0.96144723 -OoS6662559 -O.5622617C -0999687448

3 0.OCC0OO13 0.54101355 -1,50069226 1.85232329
4 Ce 5C2513E3 -0.09527370 -1.60980060 -2.13416731

RESULTS CF OP1IIMIZATICN hITh 6 EXTRA DATA PUINTS

PAIR # RES*-REAL RES*-IMAG POLE-REAL FOLE-IMAG
1 1.06254479 0.53763540 -1.25945424 1o04372728

2 1 C48404 G094095523 -097727797C -O:98546978
4 Ce CCCO0010 -0*5197CO56 -1.59036824 -1.84519866

RESULTS CF OPIIMIZATICN lilTh 8 EXTRA DATA PCINTS
PAIR # RESs-REAL RESo-IMAG, POLE-REAL FOLE-IMAG

1 0.963C4511 0.96782052 -0.58445408 0.99905219
2 099A2123r58 -0.56782270 -0eS694C893 -0.99752145
3 0.0CC3001O 0.35719908 -lo3o627599 1.83147922

ii4 0.5432361 -0. 25136131 -1.56644065 -2.10011869
RESULTS CF OPIIMIZATICN IITIh 10 EXTRA DATA PCINTS

PAIR 0 RES.-REAL RES.-IMAG POLE-REAL FOLE-IMAG
1 1,OC571067 0.56985420 -1.2098739E 1.02332264
2 le.JC28 5344 -C.57024550 -0.81824047 - 0.98 8227 09
3 095ltC7620 0.19510021 -1.bt621599 2.10722391

64 CoOCCOOC13 -0.50028280 -1.53c33414t1 -. 1.842015 71
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TABLE X

PARAMETER OPTIMIZATION FOR SIGNAL 3
(NOISE FREE)

TARGET TYPE:7G1'-3
WtAVEFCRM TYP E:1-CNFTR
CONTACT CATE :CEC 15;
FILE NUME!:FILE3O4
NUMB* CF FOLE: 6

TAKLE CF RESIDUES AND POL.E.S

PAR# E-REAL RE-IMAG PCLE-REAL FOLE-IMAG

1. 1*0CC300 1.03300000 -1.03000030 1.00500000
2 1.6CCCCC -le C C3GCG30 -19COCCCOOC -1.030003300
3 005CC".OCOOO 0.r-CO0000 -2.OOOCCOOC 2,00000000
4 C s5 C C CCOCO -0,rSCOCC000 -2.000000 -2.00003000
5 C.25COOC00 0.25000000 -3.COOCCO3O 3.00Q00000

3~6 C, 2 5C,03Co3 -0.25000000 -300000000 -3.00000000

RESULTS CF OF71MIZATICN iTH 0 EXTRA DATA POINTS

PAIR _-lRES.-REAL___ RES.-P IAG_G PL-REAL _ FOL.E-1 NAG
1. loOCC00029 0.99999951 -1 oCOOC^co13 1.0000:)300
2 0.5555S65 -loCCO30047 -O.S9999c5 -0*99999999
3 C.5CC3C021 0.4S99S577 -leS99S973': 19999965
4 0.49959957 -0.50000051 -2.000OC290 -2.00000029
5 C.25rCCCC49 C*25000087 -2.99876241 2*999995o6
6 0.24555168 -0.249S9958 -3o00125324 -2*59999619

RESULTS CF CP'INIZATICN hITH 2 EXTRA DATA PCINTS

PAIR RES.-REAL RES9-IMAG FCLE-REAL FOLE-IMAG
1 1.0CC30033 loCC0OOOO6 -0.59955640 0.59999972

*2 0.5555,9573 -3.99CY990 -1.00000359 -l.00000028
*3 Co4S59857 C*43999676 -2.00000082 io.99999976

4 0.5CC00019 -0.4S9955;70 -1.9955827 -29C0000017
5 0e24559312 C.25000063 -2*99925S864 2*99995040
6 0.25C00768 -C*2',95482 -3.0006186e -3.00005033

RESULTS CF OP'I?IZATICN kITH 4 EXTRA DATA PCINTS

PAIR # RESo-REAL RESo-IMAG FCLE-REAL FOLE-IMAG
-~1 1.3"CC00031 -1 CCO00004 -0.59955525 C0.5599999
442 1 CCCCO008 -0.95999999 -1.00000084 -1.30000003

3 C.CCOCC29 Go.4995878 -2o03003158 2.30000057
4 0.5CCOC073 -3.45995913 -le59995574E -1.59999986
5 0.24559713 0. 25030137 -3.00006822 3*000008 34
6 C.25CO03C6 -0e.24955453 -2@995S2441 -2o99999365

36



RESULTS CF CF1IFIZATICN kIT1, 6 EXTRA DATA PCINTS

PAIR # RES.e-REAL RES.-IMAG PCLE-REAL POLE:-lM AG
1 .ESS567 1.CCOOOOO6 -0.S9995978 0.99;99979
2.0:..v94 -1.00000005 -1.OOOCCOO3 -1#.OCCOOOib
3 Co5CCOC350 0.49999519 -2*0003'411 t.3303118
4 C,5CC3C357 -Ce 45995515 -2.coocc5o5 -2.4000J3116
5 0.25CO2351 0.25003725 -3o01254931 2o99994026
6 0.24SSSC17 -C.25002880 -2.587iC887 -2.999587756

RESULTS CF 0P1IIPIZATICN WilTh 8 EXTRA DATA PClNTS

PAIR RES.-RAL ES*-IIAG POLE-REAL FOLE-IMAG
-- 1 1.3CCOOOOO 099999980 -0.599995966 100003J20

2 1.OCCO0001 -!oCCOCCOIO -l.0000CC31 - 0 999599975
3 0.5CCCCO63 0*49995686 -2..000CC881 19569134
4 Oe4iSSS743 -C*50003918 -1@99998120 -2,03030691
5 0.2fCftM8 0.2!234C01 -3.006565.19 3.00052848

*6 0*24S513768 -0,24765392 -2.99334543 -2.999S47896

RESULTS CF OPTIIZATICN W~ITfrm 13 EXTRA DATA PCINTS

PAIR # RES*-REAL RESs-IMAG POLE-REAL FOLE-IMAG
1 1,OCC03004 09S999995 -1.00000141 1.3000JJ06
2 0.9SC9994 -le 0CO00008 -0.599SS854 -0,.999999 94
3 0.5CCOoo~b 0.50000023 -2 .000C192 4 1.39919846
4 Ce 5 cC 0C 0 9 -Oo 5COOCO11 -1.99998131 -2.O003154
5 Co25CCOC13 0.25000022 -2o999'92166 2.99975183
6 C*25CJ%3024 -C.25000077 -3*00008161 -3.00032382
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TABLE XI

PARAMETER OPTIMIZATION FOR SIGNAL 3
(SNR=30 dB)

TARGET TYP E:TGT-3
WAVEFORM TYPE:HON3OTR
CONTACT DATE:DEC 15
FILE NJMB: FI LEO04
NUMB. OF POLE: 6

TABLE OF RESIDUES AAD POLES

PAIR R ES-R EAL RES-IMA POLE-REAL POLE-IMAG 4

I .00000000 1.00000G33 -1.00000030 1.00000000
2 1.00000000 -1. 00000000 -1.00000000 -1.00000000
3 0.50000000 0.50000000 -2.00030000 2.00000000
4 0.50003000 -0.500000.)3 -2.3003003 -2.00000000
5 0.25000CO 0.25000033 -3.J0000003 3. 00J0003 0
6 0.25000000 -0.25000033 -3.00000000 -3.00000000

RESJLTS OF OPTIMIZATION WITH 0 EXTRA DATA POINTS

PAIR # RES.-REAL RES.-IMA3 POLE-REAL POLE-IMAG
1 3.99145389 0.98947089 -0.99318094 1.00001443
2 0.99145320 -0.98947086 -0.99310558 -1.00001237
3 0.42807658 0.52733218 -1.99204259 1.97341708
4 3*4284(454 -3.52679082 -1.92072086 -1.99797545
5 0.1 1656813 0.236472bl -2.27124794 2.83611689

0.12939770 -0.21591933 -2.24119798 -3.0674116

RESULTS OF OPTIMIZATION WITH 2 EXTRA DATA POINTS

PAIR # RES.-REAL RES.-IMAG POLE-REAL POLE-IMAG
1 0.99147340 0.9893841 -0.99323692 1.30002118
2 0.99147541 -0 .98938831 -0.99299518 -1.00001483
3 0.42927584 0.52783363 -1.96123606 1.86208680
4 0.42938721 -0.52783004 -1.96042724 -1.98830969
5 3.13113198 0.20433433 -2.2i870752 3.07350223
6 0.10954599 -0.24676563 -2.Z8661642 -2.83356831

RESULTS OF OPTIMIZATION WITH 4 EXTRA DATA POINTS

PAIR # R ES.-R EAL RES.-IMA$ POLE-REAL POLE-IMAG
1 0.99149793 J.98938042 -0.99300311 1.00001643
2 0.99149653 -0.98937734 -0.99323733 -L.00302228
3 3.42898254 352744729 -1.95708423 1.98692809
4 0.42897S78 -0.52746013 -1.963406b2 -L.985377355 0.13728153 0.20601283 -2.24720729 3.07453032
6 ).10518882 -0 . 24183713 -2.27543055 -2.83274078
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RESJLTS OF OPTIMIZATIJN WITH b EXTRA DATA POINTS

PAIR 9 RES.-REAL RES.-I MA POLE-REAL PCLE-IMAG1 Z 0 .99181 506 0.96944282 -0.99314260 I.C0003060l 2 0.99181556 -0.98944355 -J.993324P73 -l.U0003549
3 0.43071,14 0.52 4800o5 -1.976342t7 L.98151201
4 C.43371211 -0.52e+79742 -1.93934530 - 1.991738785 U. 15055C56 ).2527 74 -2.2853097 2.85503o19

. 6 0.13533241 -0.20048137 -2.19o38655 -3.07720611

RESULTS OF OPTIMIZATION WITH 8 EXTRA DATA POINTS

PAIR RES.-REAL RES.-IMA.3 POLE-REAL POLE-I'4 AG
I J. 9817112J 0.9398174a -0.99574872 0.99947232
2 3.98171E7 -0 .98V8l74,. -0.99060276 -o.9994y877
3 C. 3 0805732 ).49840155 -1.88871352 1.87285997
4 0.31532825 -0.51226642 -1.56132982 -2.02127811
5 3.11572596 3 .114439J3 -1.99741621 3.12706630
6 0.07739011 -0.19217344 -1.89148981 -2.85558132

RESULTS OF OPTIMIZATION WITH 1J EXTRA DATA POINTS
PAIR RES.-REAL RES.-IMAG POLE-REAL POLE-IMA,

1 0.99337417 0.99015792 -3.99418591 1.00008890
2 0.99337150 -0.99015803 -0.99369290 -1.00007652
3 0.44239S42 0.5200403) -1.95770753 1.99113003
4 0.44239753 -0.52004769 -1.96547995 -1.98746271
5 3.15478007 0.23652003 -2.41828246 2.87399551
6 0.15377770 -0.23835063 -2.48497797 -3.06515871

".

I 'S 39

'"

-,,' . ..S? . " - - - " " ""' ' " . . i . " ' " . "" " " ' " " " " " " " "1

'S,. * . 5 , " . " " - - "" '" _5 . .' , "." . " " '" "-" ', " " ' - - . .". .*- "." - . ""*"



- - v j ~ .~ .* ~ *.. -- 47

TABLE XII

PARAMETER OPTIMIZATION FOR SIGNAL 3
(SNR=15 dB)

-~TARGE7 TYPE:*TGT-3
WAVEFORM TYPE:I-CN15TR
CONTACT DATE:CEC 15
FILE NUME:FILE0O4
NUMB* CF POLE: 6

TABLE CF RESIDUES AND POLES

SPAIR R RES-REAL RES-IMAG POLE-REAL FL-iA
%1 i.OCCCOOGO 10o000ooo0 -1.0000000u 1.50003300

2 1.cCCOOOO -16COOCCOOO -10000CCCiC -1.00003O00
3 C05CCOCO0O 0050000000 -21OOOCCOOO0 2*0OODJ00O
4 C.SCCCCOCO -Co5COOCOOO -2oOOOCOOOO -2.3030030 00
5 C.25CO0003 C625300000 -360OOCCOOO 3.00003300
6 C.Z2S5COOOO -0.25000000 -3.00000000 -3.0CCCOOOO

RESULTS CF 0P171PIZATICN WITh 0 EXTRA DATA PCINTS
PAIR # RES eREAL RES*-1l4AG POLE-REAL FOL E-IMAG,

1 0.56E25765 0.54693282 -0*9b7716691 1*0006771-
2 00 ste25659 0.54693466 -0*9677696C -1 oO0Co77;_.
3 0.25718800 0.55401616 -lo8i344345 1.95442546
4 Co2!5llE439 0.55401729 -lo.l.33E12E -1.95442985
5 000CC0OO1O 0.30602226 -2o406C74i4 2 2 eE6.3694' 7
6 0OCCOC010 -0.30602324 -2.40740413 -2eb637299c

RESULTS CF OF71I4IATICN WITH 2 EXTRA DATA POINTS

*PAIR 4 RES.-REAL RES.-I tAG POLE-REAL FOLE-INAG
SCo97CO3027 0.54583414 -0.96752405 190008172t;

2 CoSICC2941 -0.54583710 -0.967531l08 -1.00081754
3 0.2514E247 0*5358C191 -1.18711241 1.55425944
4 C.25167543 -0.53579888 -1.78712746 -1.9542375
5 C.CCCCCO1O 0.2671C278 -2.240S0416 2.86059552
6 0.OCC0OO10 -0.26681661 -2o2455151C -2*674173953

RESULTS CF OFIIMIZAT ICN WITH 4 EXTRA DA7A PUINTS

PAIR # RESe-REAL RES*-IMAG FOLE-REAL FOLE-IMAG
1 0.97144662 O.54762C10 -0.569C4247 leC008051.
2 0.97144593 -0.54762088 -0.96905146 -1*0008J)547
3 Go 25S S-577 0.54275341 -i.80291116 1.955.2 b
4 0.2r.S51714 -0*54275353 -lo80292514 i.o955o4LZ.

5 e CCCoCQoO 0.27664033 -2.300812557 2 o&667Th39 r
6 0OCCCOOQ10 -0.27744624 -29273S3152 -Z *6643L~b62
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RESULTS CF OF11MIZATICN' hITh 6 EXTRA DATA PCINTS,

PAIR 4 RES.-REAL FESe-IMAG POLE-REAL FOLiE-IMAG
S1 C 91C74646 0.94553786 -0.96820496 lo00084896

2 0:97C74740 -0.94593893 -0.56820018 -1,00roB4921
-3 Q.2 5311420 0.53401680 -1.78619717 le95473o02

4 Os 2!5;174i -0.53401801 -1. 784-186 2. -1.95473121
5 0..JCCaO010 0.26390985 -2o234690SE 2.8684do6Z
6 CSQCCCOO13 -0.26357500 -2o232549al -2.*8b625171

RESULTS CF OP71MDIZATICN lvITJ 8 EXTRA DATA PCINTS
-- -- - - - - - - - - - - - - -

-. PAR ~ ES.-EAL ES.-I;AG POL-RA FOLE-IM~ALb
1 Ce 91233004 0.5',707234 -0.96521653 1.03087271

2 C,9723~32!9 -CoS4707302 -Co96SC3353 -1.00086402
0.O24'u16111 0.5,3457339 -1.784852E5 1*9556284,5

4 C.24 4.15 7 37 -C. r3465427 -1.79548721 -1.9'49534386
5 00 CC%'C001 0.20134605 -lo70725522 2.9S741937
6 Ce CCC00OIO -0.21428806 -1.61287861 -2e76554177

RESULTS CF OPIIPIZATICN WITI- 10 EXTRA DATA PCINTS,

PAIR RES *-REAL. RESe-IMAG POLE-REAL PCLE-IMAG
1 Co97265829 0.54581240 -Co970C6813 lo00030
2 0.97266290 -Co545E7709 -0.967!342! 1.009816

3 0*24466698 0.52883260 -1785o 15545
- *4 Co24466804 -0.52dd6b14 -1.78467362 1.r,50665 97

5 CoooccoOCic C 02592515 -. oa92200!2 2.7820.3752
6 Co0CCChloo0 -0.15339728 -1.60711251 -3.01800673

41~



...True EWk

--- Estimated E(k)

...... Sum of Exponent ials
I. (True)

* 0 .

C

Tome in nscnd

Figure 5.1. Estimated E(k) for Signal 1 of 15 dB SNR.
(32 data points from late time region).
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Figure 5.2. Estimated E(k) for signal 1 of 15 dB SNR.
(48 data points from late time region).
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C. PERFORMANCE EVALUATION

Unlike the traditional methods, this method revealed

itself as one that can be applicable to a general scattering

problem, including the early time data. A potential superiori-

ty of this method over the traditional methods is found in its

capability of handling the early time signal that has relative-

ly large energy content and less sensitivity to the fixed noise

level.

Regarding the capability of handling the early time signal,

the performance of this method seems to be very high compared

with the traditional methods which do-not model that signal

generically. But, two points need to be considered when we

ensure this high degree of performance. One important point

is that we be able to estimate properly the number of poles to

optimally ask for. This will depend upon the SNR of the data,

increasing generally with increasing SNR. The actual physical

scattering data has an infinite number of poles but, because

the energy content of natural modes tends to drop off rapidly

beyond the bandwith of the excitation signal the higher order

poles are ignored, blanding with the noise present. Another

point is that the initial data window has to contain only the

late time signal data.

As the results of the tables in the previous pages indi-

cate, converging characteristics of the value of parameters

is not blocked by a high level of noise pollution. It has

been observed that the computed value of poles are likely to
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converge closely to the true values that are listed in Tables

I through III either by choosing the number of poles as small

or by increasing the size of the data window. Even though it

is hard to prove this optimality of this method (due to the

non-linearity of the scattering transient response signal

model), handling of the early time signal seems to be cast

into a simpler problem space and that optimality may be ex-

plained by observing the parameters at every processing step.

Namely, the parameter estimation of this method is less

influenced by the unreliable points than the more accurate

ones. Figure 5.1 and 5.2 and the results in the previous

section explain the reason why the above assertion is valid.

We see that the estimated value of parameters through optimi-

zation is not going to worse as we include the early time

data points (these data points can be regarded as the unrelia-

ble data when we extrapolate the sum of exponentials of the

late time region into those of the early time region) into the

data window what we see. But, as we are adding more data

~. ~ points of the late time region, improved values of parameters

are obtained through processing, as in the results and Fig.

5.2. Although this is true, we still see that the plot of

E(k) in Fig. 5.2 does not provide sufficient data to confirm

that an improvement of accuracy depends only on the number of

late time data points, because those data points have a lower

level of SNR locally. Now, let us get back to Tables IV, VII,

and X. For the signal inputs whose SNRs are assumed to be
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infinite (noise free), we have a set of parameters whose

values are not converging to the true values as we add an

increased number of unknowns. These results ensure us that

the increased computer round-off errors obtained by more

data processing (more parameters to extract) will produce

divergence. Even initially with low SNR, the increased

signal energy in the additive early-time data may improve

the results until, by adding enough extra data points and

parameters, round-off error will eventually catch up with

the most optimized one and beyond a specific point the

results will begin to diverge. So that, in a general sense,

we can say that the improvement in accuracy may be obtained

V. either by the number of data points or by making use of the

data points of high SNRs. If we consider a signal having

high damping coefficients we can not use the signal data

what are likely to be hidden by noise. The technique used

here in processing the data proceeds by sliding the first

data point along the time-axis towards the origin until the

data window expands its range up to time-origin by adding

the unknown parameters E(k)'s which is the same as the number

of data points in the early time region.

Figures 5.3 through 5.11 shows how rapidly the parameters

we want to derive converge to the true values, within a con-

vergence bounds. Here, all the plots were reconstructed from

the results.
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VI. SUMMARY

A modified least-squares minimization method has been

developed and tested against synthetically generated signal

data using a non-linear parameter optimization algorithm.

The effect of varying the number of data points either in

the region of early time or in the late time under various

typical noise environments has been studied, defining the

criteria for using this algorithm for the extraction of poles

and residues under relatively heavy background noise, as well

* . as for the time varying residue signals modeled by Morgan

[Ref. 4].

In an attempt to use this method for signals with high

damping coefficients, 3 synthetically generated signals were

used as the inputs (Appendix C). Extraction of poles from

the direct synthetic signal waveform was done through non-

linear numerical evaluations, not by the Prony-based evalua-

tions which were used in the traditional method. The

parameter estimating algorithm for this non-linear signal

model had worked successfully, providing users with optimized

parameters that were converging to the true values, within

_specified convergence bounds. It was found that although we

have the early time signal data having very high SNR, those

data can not contribute to improving accuracy by simply

increasing the number of extra data points and extra unknown

parameters.
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*In order to get more accurate values of poles, we have

to have an increased base of late time signal data, which

have relatively low SNR.

It has been shown that this method is "robust" even under

heavy noise conditions. But three basic requirements have to

be met for using this method as a general methodology; the

optimal number of requested poles has to be known in advance

to processing, reasonable initial estimation of parameters

has to be made, and the transition time from early to late

time signal models has to be known a priori.
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K: APPENDIX A

K SYNTHETIC DATA GENERATION PROGRAM
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